The yeast Saccharomyces cerevisiae has the ability to cope with a variety of stress conditions (e.g. zinc deficiency) by regulating the expression of enzyme activities including those involved with phospholipid synthesis. Zinc is an essential mineral required for the growth and metabolism of S. cerevisiae. Depletion of zinc from the growth medium of wild-type cells results in alterations in phospholipid composition including an increase in PI (phosphatidylinositol) and a decrease in phosphatidylethanolamine. These changes can be attributed to an increase in PIS1-encoded PI synthase activity and a decrease in the activities of several CDP-diacylglycerol pathway enzymes including the CHO1-encoded PS (phosphatidylserine) synthase. The reduction in PS synthase in response to zinc depletion is due to a repression mechanism that involves the UAS INO (inositol upstream activating sequence) element in the CHO1 promoter and the negative transcription factor Opi1p. These factors are also responsible for the inositol-mediated repression of CHO1. This regulation may play an important role in allowing cells to adapt to zinc deficiency given the essential roles that phospholipids play in the structure and function of cellular membranes.
zinc deficiency is on cell division and differentiation [11] . Notwithstanding, zinc is toxic if it accumulates in excessive quantities [11] . Our interest in the regulation of phospholipid synthesis by zinc originates from the observation that depletion of zinc from the growth medium of yeast results in the Zap1p-mediated induction of the DPP1 gene and its product DGPP (diacylglycerol pyrophosphate) phosphatase [8] . Zap1p is a zinc-sensing and zinc-inducible transcription factor that binds to a UAS ZRE (where UAS stands for upstream activating sequence and ZRE for zinc-responsive element) found in the promoter of many zinc-regulated genes to activate their transcription [15] [16] [17] [18] . In fact, DPP1 is one of the most highly regulated genes that respond to zinc depletion in the S. cerevisiae genome [18] . The DPP1-encoded DGPP phosphatase is a vacuole membrane-associated enzyme that catalyses the removal of the β-phosphate from DGPP to form PA (phosphatidate), and it then removes the phosphate from PA to form diacylglycerol [8, 19] . Indeed, the regulation of DGPP phosphatase expression correlates with the metabolism of DGPP and PA in the vacuolar membranes [20] . When grown in the presence of zinc, DGPP and PA account for 0.6 and 1.4 mol% of the total phospholipids in vacuolar membranes. Depletion of zinc from the growth medium results in a decrease in DGPP to an undetectable level and a decrease in PA to 0.3 mol% [20] . The DPP1 gene is not essential, and dpp1 mutant cells do not exhibit any dramatic phenotypes under a variety of growth conditions [21] , including fluctuations in zinc supplementation [22] . Thus the role of DGPP phosphatase during zinc depletion would have to complement other mechanisms that respond to this stress. Although the function of DGPP phosphatase in yeast is still unclear, we speculate that it functions to control the levels of DGPP and PA in vacuolar membranes, which in turn mediates other cellular functions that occur in response to stress.
In addition to the changes in DGPP and PA, zinc depletion results in a reduction in the level of PE and an increase in the level of PI in the vacuole membrane [20] . Analysis of dpp1 mutant cells depleted for zinc indicates that the alterations in the major vacuole membrane phospholipids are not dependent on the regulation of DPP1 expression and DGPP phosphatase activity [23] . Thus the effects of zinc depletion on phospholipid synthesis are more global. In fact, zinc depletion results in alterations in the cellular levels of the major membrane phospholipids PE and PI [9] similar to that observed in the vacuole membranes [20] . Analysis of a plasma membrane zinc transport mutant indicates that changes in phospholipid composition are dependent on the cytosolic levels of zinc [9] .
The effects of zinc depletion on the expression of several phospholipid biosynthetic enzyme activities have been examined in wild-type cells. When cells are grown without inositol and choline, the major membrane phospholipids are primarily synthesized via the CDP-DAG (diacylglycerol) pathway (Scheme 1) [6] . In this pathway, PS, PE and PC are synthesized from CDP-DAG via the reactions catalysed by CHO1-encoded PS synthase [24] [25] [26] , PSD1/PSD2-encoded PS decarboxylase [27] [28] [29] , CHO2-encoded PE methyltransferase [30, 31] and OPI3-encoded phospholipid methyltransferase [30, 32] . Zinc-depleted cells show reduced activity levels (50, 25, 50 and 36% respectively) of these CDP-DAG pathway enzymes [9] . On the other hand, the activity of PIS1-encoded PI synthase [33] , which competes with PS synthase for the substrate CDP-DAG [34] , is elevated by 2-fold in zinc-depleted cells [9] . The decrease in PE content correlates with the decreases in the activities of PS synthase and PS decarboxylase, while the increase in PI content correlates with the increase in the activity of PI synthase. Thus the regulation of phospholipid synthesis contributes to alterations in phospholipid composition. Although the activities of the phospholipid methyltransferase enzymes are reduced in zinc-depleted cells, this growth condition does not have a major effect on PC content [9] . Enzymes in the CDPcholine branch of the Kennedy pathway for PC synthesis (Scheme 1) might be activated to compensate for the decrease in activities of the CDP-DAG pathway enzymes. Additional studies are needed to address this hypothesis.
The co-ordinate regulation of the PI synthase and PS synthase enzymes, which compete for CDP-DAG as a substrate (Scheme 1), is part of an overall mechanism by which the synthesis of PI is co-ordinately regulated with the synthesis of PC [5, 6] . Given the importance of these two enzymes in phospholipid synthesis, the mechanisms responsible for their regulation by zinc depletion are being examined. Preliminary studies presented at the Seventh Yeast Lipid Conference in Swansea (U.K.) indicate that the elevated expression of PI synthase activity in response to zinc depletion is due to the induction of the PIS1 gene. Studies are in progress to substantiate this conclusion. Studies on the regulation of the CHO1-encoded PS synthase in response to zinc depletion are further along.
Results from Northern-blot analysis and an analysis of β-galactosidase activity driven by a P CHO1 -lacZ reporter gene have shown that zinc depletion leads to the repression of CHO1 transcription, and this result correlates with decreased levels of the PS synthase protein and activity [9] . The lack of a UAS ZRE in the promoter of the CHO1 gene indicates that the transcription factor Zap1p does not directly regulate PS synthase expression in response to zinc depletion. Moreover, an indirect effect of Zap1p on the expression of PS synthase is ruled out because the zap1 mutation does not affect the zinc-mediated regulation of the enzyme [9] . Instead, the expression of PS synthase by zinc is controlled through the UAS INO (inositol UAS) element in the CHO1 promoter and by the transcription factors Ino2p, Ino4p and Opi1p [9] . This conclusion is based on the fact that mutations in the UAS INO element in the CHO1 promoter and mutations in the transcription factors Ino2p, Ino4p and Opi1p eliminate the repression of CHO1 expression by zinc depletion [9] . This is an unexpected finding since these regulatory components play an important role in the inositol-mediated regulation of CHO1 and other UAS INO -containing genes (e.g. INO1) involved in phospholipid synthesis [5, 6, 35] . In fact, the INO1 gene is also repressed when cells are deprived of zinc [9] . Interestingly, the repression of the CHO1 and INO1 genes in response to zinc depletion occurs in the absence of inositol supplementation [9] .
Inositol is the precursor to PI and is synthesized in S. cerevisiae via the INO1-encoded inositol-3-phosphate synthase (Scheme 1). Inositol plays a major role in the regulation of phospholipid synthesis in yeast. The inositolmediated regulation of CHO1 and other UAS INO -containing genes involved in phospholipid synthesis has been extensively characterized [5, 6, 35] . A model for the regulation of CHO1, which is based on a recent paper by Loewen et al. [36] , is presented in Figure 1 . The CHO1 gene is maximally expressed when inositol is absent from the growth medium, and it is repressed when inositol is supplemented to the growth medium. The repression of CHO1 by inositol is enhanced by the inclusion of choline in the growth medium [5, 6, 35] . Inositol-mediated regulation of CHO1 involves the UAS INO element in its promoter and the transcription factors Ino2p, Ino4p and Opi1p [5, 6, 35] . Ino2p [37] and Ino4p [38] are positive transcriptional regulators whereas Opi1p [39] is a negative transcriptional regulator. The UAS INO element contains a binding site for an Ino2p-Ino4p heterodimer, which is required for maximum expression (indicated by a thick arrow in Figure 1A ) of the CHO1 gene [5, 6, 35] . Opi1p is associated with the ER (endoplasmic reticulum) through interactions with the integral membrane protein Scs2p [a VAP (vesicle-associated membrane-proteinassociated protein) homologue] [40] and with PA [36] when cells are grown without inositol. Upon inositol addition, the level of PA reduces due to the utilization of CDP-DAG and increased synthesis of PI [36] . The decrease in PA results in loss of Opi1p association with the ER and its translocation into the nucleus [36] . Opi1p represses transcription through the UAS INO element [41] , but not by direct interaction [42] . Results indicate that Opi1p represses transcriptional activation (indicated by a thin arrow in Figure 1B ) by binding to DNA-bound Ino2p [43] . In addition, the global repressor Sin3p interacts with the N-terminal region of Opi1p [43] , and this interaction plays some role in Opi1p repressor function [42] . We propose that the model for the Opi1p-mediated repression of CHO1 by inositol supplementation may be applicable to its regulation by zinc depletion (Figure 1) . This hypothesis is supported by the observation that zinc depletion does not lead to a further repression of CHO1 when gene expression is already reduced by inositol supplementation [9] .
S. cerevisiae has the ability to cope with a variety of stress conditions by regulating the expression of enzymes including those involved in phospholipid synthesis. As discussed in this review, PI synthase and the enzyme activities in the CDP-DAG pathway are regulated by the stress condition of zinc depletion. This must play an important role in allowing the cells to adapt to zinc deficiency given the essential roles that phospholipids play in the structure and function of membranes.
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